38th  Annual  Precise  Time  and  Time  Interval  (PTTI)  Meeting 


LONG-TERM  STABILITY  OF  NIST  CHIP-SCALE 
ATOMIC  CLOCK  PHYSICS  PACKAGES 


S.  Knappe1,  V.  Shah2,  V.  Gerginov3,  A.  Brannon4, 

L.  Hollberg1,  and  J.  Kitching1 
4NIST,  Time  and  Frequency  Division,  Boulder,  CO  80305 
department  of  Physics,  University  of  Colorado,  Boulder,  CO  80309 
Department  of  Physics,  University  of  Notre  Dame,  Notre  Dame,  IN  46556 
department  of  Elec.  Eng.,  University  of  Colorado,  Boulder,  CO  80309 


Abstract 

We  present  measurements  regarding  the  long-term  frequency  stability  of  NIST  chip-scale 
atomic  clock  (CSAC)  physics  packages.  Changes  of  the  clock  frequency  are  caused  mainly 
through  time-dependent  light  shifts  by  the  frequency-modulated  VCSEL  and  properties  of  the 
vapor  cell.  We  suggest  advanced  CPT  interrogation  schemes  to  relax  the  requirements  on  the 
temperature  stability  of  the  VCSEL  as  well  as  the  power  of  the  local  oscillator.  Finally,  we 
discuss  the  advantages  and  limitations  of  these  techniques  when  implemented  into  a  small 
package. 


INTRODUCTION 


Chip-scale  atomic  clocks  (CSACs)  [1]  have  been  an  active  field  of  research  for  only  the  past  4  years. 
CSAC  physics  packages  have  been  demonstrated  with  short-term  frequency  instabilities  of  4  x  10'11  /  X"1 2 
[2].  Low-power  devices  have  been  developed  consuming  less  than  1 0  mW  in  a  package  smaller  than  1 
cm3  [31.  Low-power  local  oscillators  [4]  have  also  been  developed  and  integrated  with  miniature  physics 
packages  [5].  Small  prototypes  that  integrate  the  physics  package,  local  oscillator,  and  control  electronics 
have  been  demonstrated  with  volumes  below  10  cm3  and  with  power  consumptions  below  150  mW  [6J. 

One  of  the  major  advantages  of  atomic  timekeeping  is  its  potential  to  achieve  extremely  good  frequency 
stability  over  long  time  periods.  In  commercially  available  rubidium  vapor  cell  clocks,  the  major  source 
of  instability  is  related  to  cell  temperature  drift  [7,  8]  and  long-term  buffer  gas  composition  [9,10],  optical 
and  RF  power  changes,  external  magnetic  fields,  and  aging  of  various  components.  Some  of  these  issues 
have  been  addressed  by  simply  steering  the  output  frequency  to  compensate  for  frequency  drifts,  while 
others  have  been  compensated  for  by  more  advanced  physics  setups,  or  minimized  by  additional 
electronic  servos  (for  a  tutorial  on  commercial  rubidium  standard  technology,  see  for  example  [11]). 

Chip-scale  atomic  clocks  can  potentially  achieve  good  long-term  frequency  stability,  and  have  the  added 
advantages  of  low  cost  and  low  power  dissipation,  in  addition  to  small  size.  To  reach  the  goal  of  good 
long-term  frequency  stability,  methods  similar  to  those  developed  for  larger  clocks  could  be  used,  but  the 
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additional  requirements  of  low  power  consumption  and  low  cost  can  place  tighter  constraints  on  the  use 
of  materials  and  engineering.  Furthermore,  it  might  be  undesirable  to  add  complicated  frequency  steering 
electronics.  Some  commercial  rubidium  frequency  standards  implement  digital  temperature  compensa¬ 
tion,  for  example  by  storing  a  table  of  frequency  corrections  for  many  temperatures  [11].  These 
limitations  point  to  the  increased  importance  of  addressing  frequency  drifts  by  use  of  advanced  physics 
setups  and  servos.  The  major  components  in  the  CSAC  that  are  not  found  in  most  conventional  atomic 
clocks  are  the  microfabricated  vapor  cell,  the  low-power  local  oscillator,  and  the  laser.  Currently,  the 
control  of  the  laser  appears  to  be  the  most  critical  component  in  determining  the  long-term  performance 
of  the  CSAC, 

Figure  1  shows  the  Allan  deviations  of  several  CSAC  subsystems  constructed  at  NIST.  CSAC  physics 
packages  based  on  Rb  excited  on  the  Di  line  can  support  a  frequency  stability  of  4.5  x  10'  lx  ,  as 
shown  in  the  black  squares  of  Figure  1  [2],  When  the  CSAC  physics  package  is  integrated  with  a  low- 
power  local  oscillator  (the  free-running  stability  of  which  is  given  by  the  green  diamonds  in  Figure  1)  [4], 
instabilities  of  2.4  x  10'10  /  T"1 2  have  been  measured  (orange  dots  in  Figure  1)  [5].  Despite  their  good 
short-term  stability,  most  of  these  devices  show  long-term  instabilities  on  the  order  of  10  9  at  1  day  of 
integration.  This  paper  discusses  the  reasons  for  these  instabilities  and  suggests  ways  for  improvement. 


Figure  1.  Allan  deviation  plots  for  a  CSAC  physics  package  (black  squares),  a  low- 
power  local  oscillator  free-running  (green  diamonds)  and  integrated  with  a  CSAC  physics 
package  (orange  dots),  a  microfabricated  87Rb  vapor  cell  (blue  stars),  and  a  VCSEL  CPT 
clock  when  locked  to  the  point  of  minimum  light  shift  (red  triangles). 


CELL  TEMPERATURE 

In  the  first  microfabricated  vapor  cells  [12],  two  chemicals  were  reacted  inside  the  cell  cavities  to  produce 
the  87Rb  atoms  and  nitrogen  buffer  gas.  It  was  suspected  that  the  residue  of  this  reaction  slowly  depleted 
the  nitrogen  buffer  gas,  which  resulted  in  clock  frequency  drifts  around  -2  x  10'8/day  [13].  These  drifts 
were  largely  eliminated  by  a  new  cell  filling  method  with  alkali  deposition  from  a  beam.  Clocks  based  on 
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these  cells  have  demonstrated  clock  frequency  drifts  to  below  5  x  10"n/day  (mostly  limited  by  our 
measurement  system)  [13].  Temperature  coefficients  of  about  10‘9  per  kelvin  are  easily  achieved  through 
the  use  of  combinations  of  buffer  gases  with  temperature  coefficients  of  opposite  sign  [9,14].  This 
suggests  that  a  cell  temperature  stability  of  100  mK  should  be  sufficient  to  achieve  a  clock  stability  of 
10"11.  The  blue  stars  in  Figure  1  show  the  fractional  frequency  stability  measured  in  one  such  87Rb  vapor 
cell  of  interior  volume  1  mm3.  It  can  be  seen  that  the  frequency  stability  at  1  hour  is  below  10’11. 
Currently,  our  CSACs  are  not  limited  by  frequency  shifts  due  to  the  vapor  cells. 


VCSEL  TEMPERATURE 

One  major  difference  between  CSACs  and  conventional  optically-pumped  rubidium  clocks  is  that  CSACs 
use  a  low-power  laser  instead  of  a  rubidium  lamp  to  interrogate  the  atoms.  Vertical- cavity  surface- 
emitting  lasers  (VCSELs)  have  been  chosen  for  their  low  threshold  currents,  vertical  designs,  and  high 
modulation  bandwidths.  To  excite  coherent  population-trapping  (CPT)  resonances  [15],  the  VCSEL  is 
usually  modulated  at  half  the  clock  frequency  (a  few  gigahertz)  [16].  This  modulation  creates  a  comb  of 
optical  sidebands  around  the  fundamental  laser  frequency.  The  laser  current  and  temperature  are  then 
tuned  such  that  the  frequencies  of  the  two  first-order  modulation  sidebands  are  in  resonance  with  the 
transitions  from  the  ground-state  hyperfine  levels  to  the  excited  state.  When  the  second  harmonic  of  the 
modulation  frequency  is  exactly  equal  to  the  ground-state  splitting  of  the  mF=0  levels,  the  absorption  of 
the  first-order  sidebands  by  the  atoms  is  reduced,  and  this  reduction  can  be  observed  by  monitoring  the 
optical  power  of  the  light  transmitted  through  the  atomic  vapor.  Finally,  the  laser  modulation  frequency 
can  be  stabilized  to  this  atomic  resonance  and  serves  as  the  output  of  the  clock. 

It  is  well  known  that  the  transition  frequency  of  alkali  atoms  in  the  vapor  is  perturbed  by  the  resonant  or 
near-resonant  frequency  components  in  the  spectrum  of  the  light  source  [9,17,18].  In  CPT  clocks  based 
on  modulated  lasers,  all  sidebands  of  the  frequency  comb  can  shift  the  clock  frequency  [19],  Therefore,  it 
is  important  that  the  sum  of  the  AC  Stark  shifts  from  all  the  comb  teeth  does  not  change.  The  total  power 
of  the  light  field  is  determined  by  the  VCSEL  current,  and  the  center  frequency  depends  on  both  the 
VCSEL  current  and  the  VCSEL  temperature.  The  frequency  difference  between  the  other  modulation 
sidebands  is  determined  by  the  modulation  frequency  of  the  LO.  The  relative  power  in  each  sideband  is 
determined  by  the  FM  and  AM  modulation  indices  of  the  optical  spectrum,  which  is  in  turn  determined 
by  the  RF  power  of  the  LO  and  the  extent  to  which  this  power  is  coupled  into  the  VCSEL.  Since  the 
clock  frequency  shift  depends  critically  on  all  of  these  parameters  that  might  even  change  with  time,  the 
VCSEL  temperature  and  current  and  the  LO  power  have  to  be  stabilized  very  well.  For  some  of  the  NIST 
devices,  temperature  changes  of  the  VCSEL  can  shift  the  clock  frequency  by  ~5  x  10'9/K.  This  would 
mean  that  a  2  mK  temperature  stability  would  be  required  to  maintain  a  clock  frequency  stability  of  10"11. 
We  believe  that  these  instabilities  can  be  largely  reduced  by  better  thermal  design  of  the  physics  packages 
(e.g.,  vacuum  packaging),  as  has  been  demonstrated  by  Lutwak  et  al.  [3],  Nevertheless,  we  tried  to 
investigate  the  causes  for  the  frequency  shifts  of  the  NIST  Physics  packages  in  more  detail  to  determine 
whether  there  are  fundamental  limitations  to  reaching  instabilities  of  10"11  over  longer  times. 

In  the  conventional  CSAC  setup,  the  laser  temperature  is  monitored  with  a  temperature  sensor,  e.g.,  a 
thermistor,  in  the  vicinity  of  the  VCSEL  die.  The  laser  frequency  is  stabilized  to  the  top  of  the  optical 
absoiption  resonance  by  slightly  modulating  the  VCSEL  current  (at  a  few  kilohertz  rate)  and  by  phase- 
sensitive  detection  of  this  modulation  after  transmission  of  the  light  through  the  cell.  The  laser  current  is 
then  adjusted  to  maintain  a  stable  laser  frequency,  but  usually  with  a  different  output  power.  Part  of  the 
clock  frequency  shift  is  due  to  this  change  in  total  laser  power  as  the  laser  temperature  changes.  Figure  2 
displays  a  schematic  of  a  conventional  CSAC  setup.  It  has  been  shown  that  this  type  of  shift  can  be 
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minimized  by  choosing  an  RF  modulation  index  such  that  the  light  shifts  from  all  frequency  sidebands 
cancel  [19-21], 


DC  tuning 


Figure  2.  Schematic  of  a  conventional  CSAC  setup  consisting  of  a  physics  package,  a 
local  oscillator,  and  control  electronics.  Cell  and  VCSEL  temperatures  are  stabilized  by 
use  of  thermistors.  The  LO  bias  is  supplied  by  a  constant  voltage  source.  The  VCSEL 
frequency  is  locked  to  the  top  of  the  optical  absoiption  line  by  modulating  the  VCSEL 
current  and  feeding  the  error  signal,  derived  from  the  photodetector  signal,  back  to  it. 
The  LO  frequency  is  stabilized  to  the  CPT  resonance  by  modulation  of  the  LO  frequency 
and  feeding  the  error  signal  derived  from  the  photodetector  signal  back  to  the  tuning  port 
of  the  LO. 


In  normal  operation,  if  the  laser  current  changes,  the  impedance  of  the  VCSEL  can  change 
simultaneously.  This  means  that  both  the  total  power  of  all  sidebands  and  the  distribution  of  power 
among  the  sidebands,  i.e.,  the  modulation  index,  vary.  Figure  3  (black  symbols)  shows  the  clock 
frequency  shift  as  a  function  of  VCSEL  temperature  for  a  series  of  RF  powers.  For  this  VCSEL,  it  can  be 
seen  that  the  modulation  index  can  again  be  chosen  such  that  the  two  effects  compensate  each  other,  and 
the  total  clock  frequency  shift  is  minimized  [22,  23].  Unfortunately,  this  “magic”  point  depends  on  the 
individual  VCSEL  used,  and  the  clock  stability  is  not  always  optimal  when  operating  at  this  point.  To 
reduce  production  costs,  a  method  that  maintains  this  condition  automatically  and  over  a  wide  range  of 
temperatures  would  be  preferable.  If  the  local  oscillator  is  integrated  with  the  VCSEL,  we  found  that  care 
must  be  taken  so  that  the  RF  output  power  of  the  LO  does  not  vary  if  the  VCSEL  impedance  changes, 
because  reflections  back  into  the  LO  can  alter  the  modulation  index  of  the  light  even  more  severely. 

Two  approaches  to  reduce  these  problems  have  been  investigated.  In  the  first  approach,  very  stable 
VCSEL  output  power,  VCSEL  frequency,  and  RF  modulation  index  were  maintained  by  use  of  signals 
directly  derived  from  the  alkali  atoms  directly  [24].  While  this  method  gave  better  frequency  stability 
than  the  conventional  technique  at  durations  of  an  hour,  further  investigations  to  quantify  the  performance 
and  limitations  of  this  method  are  required.  Therefore,  an  alternative  approach  is  described,  where  the 
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modulation  index  of  the  light  field  is  actively  stabilized  to  the  point  where  the  clock  frequency  is 
independent  of  laser  temperature  [23]. 
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Figure  3.  Fractional  frequency  shift  of  the  CPT  clock  as  a  function  of  VCSEL 
temperature.  The  black  symbols  correspond  to  RF  powers  of  -3.25  dBm  (squares),  -1.44 
dBm  (dots),  and  -0.75  dBm  (triangles),  respectively.  The  red  diamonds  correspond  to  the 
case  when  the  RF  power  is  tuned  such  that  the  light-shift  modulation  vanishes  [23]. 


In  order  to  stabilize  the  clock  frequency  to  the  point  where  all  light  shifts  vanish,  the  VCSEL  power  was 
slowly  modulated  with  an  LCD  attenuator  [23].  In  the  presence  of  light  shifts,  the  CPT  resonance 
frequency  was  modulated  in  phase  with  the  light  power.  This  modulation  was  detected  with  a  lock-in 
amplifier  and  displayed  a  zero-crossing  when  the  RF  power  was  chosen  such  that  the  total  light  shift 
vanished  (see  Figure  4).  The  error  signal  from  the  lock-in  amplifier  was  used  to  actively  stabilize  the  RF 
power  so  that  the  zero-crossing  of  the  light  shift  was  maintained  under  changes  of  the  laser  temperature. 
At  the  same  time,  the  laser  current  was  locked  to  the  top  of  the  optical  resonance  to  maintain  a  constant 
laser  frequency.  The  fractional  frequency  shift  as  a  function  of  laser  temperature  under  locked  conditions 
can  be  seen  in  Figure  3  (red  symbols). 

This  method  was  used  to  determine  the  long-term  frequency  stability  that  can  be  expected  with  the 
VCSELs.  In  order  to  not  be  limited  by  frequency  drifts  of  the  cell,  a  conventional  glass-blown  S7Rb  vapor 
cell  was  well  temperature-stabilized  and  not  in  thermal  contact  with  the  VCSEL.  The  Allan  deviation 
under  such  conditions  can  be  seen  as  the  red  triangles  in  Figure  1  [23].  Frequency  stabilities  well  below 
10'11  can  be  supported  this  way  over  many  hours  of  integration.  The  short-term  stability  when  operating 
with  this  second  lock  was  degraded  by  only  a  factor  of  1.2  for  the  VCSELs  used.  Nevertheless,  other 
VCSELs  can  have  modulation  characteristics  that  make  it  less  favorable  to  work  at  the  point  of  no  light 
residual  shift.  In  a  small  CSAC  setup,  this  could  be  easily  implemented  by  varying  the  VCSEL 


245 


38th  Annual  Precise  Time  and  Time  Interval  (PTTI)  Meeting 


temperature  to  servo  the  LO  bias  in  order  to  stabilize  the  clock  to  the  point  of  no  light  shift.  Furthermore, 
this  is  possible  without  major  design  changes  of  the  existing  CSAC  physics  packages. 


DC  tuning 


Figure  4.  Schematic  of  a  CSAC  based  on  the  method  of  locking  to  the  point  of  no  light 
shift.  Here,  cell  and  VCSEL  temperatures  are  stabilized  by  use  of  thermistors.  The 
VCSEL  frequency  is  locked  to  the  top  of  the  optical  absorption  line  by  modulating  the 
VCSEL  current  and  feeding  the  photodetector  error  signal  back  to  it.  The  LO  frequency 
is  stabilized  to  the  CPT  resonance  by  modulating  the  LO  frequency  and  feeding  the  error 
signal,  derived  from  the  photodetector  signal,  back  to  the  tuning  port  of  the  LO.  The 
modulation  index  is  chosen  to  the  point  where  the  modulation  on  the  optical  power  does 
not  cause  a  modulation  in  the  CPT  resonance  frequency.  This  is  done  by  modulating  the 
light  power  with  an  LCD  modulator  and  feeding  the  CPT  error  signal  derived  from  the 
photodetector  signal  into  a  second  lock-in  detector.  This  second  error  signal  is  then  used 
to  tune  the  LO  bias. 


CONCLUSION 

We  present  measurements  of  microfabricated  vapor  cells  and  VCSELs  in  CPT  clock  setups  that  can 
support  frequency  instabilities  below  10' 11  at  1  hour  of  integration.  We  suggest  spectroscopic  schemes 
that  could  aid  in  reaching  such  long-term  frequency  stabilities  in  miniature  CSAC  physics  packages.  We 
have  so  far  found  no  fundamental  reasons  that  would  prevent  CSACs  from  reaching  frequency  stabilities 
of  around  10'11  at  one  hour  of  integration. 
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